Mass effect has demonstrated prognostic significance for glioblastoma, but is poorly quantified. Here we define and characterize a novel neuroimaging parameter, lateral ventricle displacement (LVd), which quantifies mass effect in glioblastoma patients. LVd is defined as the magnitude of displacement from the center of mass of the lateral ventricle volume in glioblastoma patients relative to that a normal reference brain. Pre-operative MR images from 214 glioblastoma patients from The Cancer Imaging Archive (TCIA) were segmented using iterative probabilistic voxel labeling (IPVL). LVd, contrast enhancing volumes (CEV) and FLAIR hyper-intensity volumes (FHV) were determined. Associations with patient survival and tumor genomics were investigated using data from The Cancer Genome Atlas (TCGA). Glioblastoma patients had significantly higher LVd relative to patients without brain tumors. The variance of LVd was not explained by tumor volume, as defined by CEV or FLAIR. LVd was robustly associated with glioblastoma survival in Cox models which accounted for both age and Karnofsky's Performance Scale (KPS) (p = 0.006). Glioblastomas with higher LVd demonstrated increased expression of genes associated with tumor proliferation and decreased expression of genes associated with tumor invasion. Our results suggest LVd is a quantitative measure of glioblastoma mass effect and a prognostic imaging biomarker.
glioblastoma patients relative to subjects without diagnosis of brain tumor. Moreover, increased LVd in patients with glioblastoma was closely associated with reduced clinical survival. Finally, elevated LVd in glioblastoma is associated with increased expression of genes related to increased cellular proliferation, while tumors with low levels of LVd expressed genes involved in cell migration and motility.
Methods Data and image acquisition. Pre-operative MR images from 214 glioblastoma patients from The Cancer
Imaging Archive (TCIA) glioblastoma cohort (http://cancerimagingarchive.net) and 550 non-tumor control subjects obtained from the Information eXtraction from Images (IXI) cohort from the Biomedical Image Analysis Group, Imperial College London (http://brain-development.org/ixi-dataset/) were used in this study. Inclusion criteria included patients with at least one artifact free pre-operative T1 weighted MR image with contrast. Patient demographic data is listed in Table 1 . In addition to patient clinical data, Level 3 probe collapsed Messenger RNA (mRNA) expression data (Affymetrix HT HG U133A array) for a subset of 199 patients and Level 3 mRNA Sequencing data for a subset of 44 patients were downloaded from the TCGA Data Portal (https://tcga-data.nci. nih.gov/docs/publications/tcga/, https://portal.gdc.cancer.gov/).
Image preprocessing, registration, and segmentation. Spatial and intensity distortions caused by nonlinearity warping were corrected using previously described methods 10 . In order to compare LVd across all subjects, all images were registered to the Montreal Neurological Institute (MNI) 152 nonlinear 1 mm 3 template using Advanced Normalization Tools (ANTS) 11 . CEV and FHV of each glioblastoma patient was segmented using our previously published iterative probabilistic voxel labeling (IPVL) segmentation algorithm 8 . Previously we demonstrated that IPVL contrast enhancing volumes were statistically indistinguishable from volumes generated by expert operators across all subjects (P = 0.93).
While CE and FH volumes can be quite challenging to segment reliably, CSF volumes are more easily derived from imaging given their more uniform appearance and defined MR imaging characteristics T1 (dark) and T2 (bright). To ensure accuracy in this study, all LV segmentations and deformable registrations to MNI template were manually reviewed by three independent reviewers (T.C.S, J.M.T, K.S.P) after each step to ensure preprocessing was successful and accurate for all subjects.
Lateral Ventricular Displacement. To automate the calculation of LVd, two extra procedures were utilized during image segmentation. Using ANTS [12] [13] [14] , a widely studied neuroimaging toolkit for image registration and normalization, non-linear diffeomorphic registration was performed which defined a warp field to apply to the standard lateral ventricle (LV) segmentation 15 . The warp field when applied to the standard LV segmentation would allow for segmentation of the LVs in each tumor subject and was further masked to exclude regions of tumor pathology. The resulting LV segmentation center of mass was calculated. The magnitude of the displacement vector from the subject's LV center of mass and the template's LV center of mass was defined as the LVd. An illustrative example of LVd derivation for a subject is shown in (Fig. 1) . All comparisons were performed in the common MNI template space.
Survival Analysis. Quantitative radiographic parameters were analyzed with respect to overall patient survival. A Kaplan-Meier survival curve was generated using a median cutoff of LVd. Cox regression analysis was also performed with respect to age and KPS. All survival analyses were performed using the statistics software SPSS (IBM Corp. Differential Expression Analysis. Differential gene expression was performed using the available mRNA expression data and mRNAseq data from the TCGA data portal. The groups were dichotomized using the median of LVd as a cutoff. 10,000 cycles of permutation testing and bootstrapping using random sampling with replacement were applied during each analysis. Initially 12, 042 genes were considered in the study. All genes identified by differential expression analysis were corrected for multiple comparisons by Benjamini-Hochberg correction. Gene ontology analysis was performed using DAVID, (https://david.ncifcrf.gov/), and the Gene Ontology Consortium (http://www.geneontology.org/) 16 . Data Availability. The datasets generated and analyzed during the current study are available from the corresponding author upon reasonable request.
Results
LVd was determined for 550 subjects without diagnosis of brain tumor from the IXI cohort as well as 214 TCIA glioblastoma subjects. Demographics for these subjects can be found in Table 1 . For the subjects without brain tumor, LVd followed a normal distribution that ranged 0.53 to 6.46, with a mean of 3.45 and a standard deviation (SD) of 1.70 (Fig. 2) .
For the TCIA glioblastoma patients, significantly higher LVd was observed. The distribution of LVd ranged 1.88 to 29.11 mm, mean LVd of 9.49 with a SD of 4.75. This distribution significantly differed from that observed in the cohort of patients without brain tumors (p < 0.001). Notably, 67% of glioblastoma patients exhibited an LVd exceeding that observed in the control imaging cohort.
Correlation between CEV, FHV, and LVd. CEV and FHV were segmented for all patients using IPVL.
There was a statistically significant correlation between CEV and LVd (R 2 = 0.32, p < 0.001) as well CEV plus FHV and LVd (R 2 = 0.53, p < 0.001). Despite this correlation many tumors with similar CEV and FHV vary with respect to LVd ( LVd within the ranges of control subjects (0.53 to 6.46 mm) survived >150 days longer than patients with LVd greater than this range (median of 268 days vs. 427 days, p > 0.001) (Fig. 4A ). When the glioblastoma cohort was dichotomized by the median value of LVd, Kaplan-Meier survival analysis revealed that high LVd was strongly Fig. 4B ). This finding is largely consistent with previous studies demonstrating prognostic value for qualitative measures of mass effect in glioblastoma patients [17] [18] [19] [20] [21] [22] . To further investigate the relationship between LVd and clinical survival, we performed a multivariate Cox regression analysis of survival as a function of LVd using the TCIA dataset. This analysis confirmed that LVd is associated with reduced patient survival (p = 0.021, n = 214). When patient age, a known survival-associated measure, was added to the Cox regression model, LVd remained significantly associated with reduced patient survival (p = 0.012, n = 214). Similarly, when patient Karnofsky Performance Score (KPS) was added to the Cox regression model, LVd remained significantly associated with reduced patient survival (p = 0.032, n = 179 Table 2 ). These results support LVd as an important potential prognostic marker of glioblastoma survival. CEV was not associated with survival in Cox regression models that accounted for both age and KPS (Table 3) .
Mass effect is often estimated clinically by measuring midline shift, which has gained popularity due to its ease of calculation and the prevalence and familiarity of axial imaging. This metric however, only encompasses the degree of mass effect in the left-right (x-axis) plane and is susceptible to significant inter-operator variability. Additionally, the metric is best suited to measure the mass effect by laterally located tumors and may underestimate the mass effect of tumors situated anteriorly, posteriorly, inferiorly, or superiorly where the predominant mass effect vector would be in the anterior-posterior or inferior-superior direction. To examine whether x-axis lateral ventricle displacement (LVx), a proxy for conventional midline shift, demonstrated the same survival association of LVd we performed cox regression analyses between the LVx and survival with and without covarying for KPS and age. As expected, we found that LVd was positively correlated with LVx (r = 0.875, p = < 0.001). Additionally, we found that LVx was associated with survival (p < 0.01) but no longer met statistical significance after correcting for age and KPS (p = 0.09). As LVx only accounts for one of the vectors of the three cardinal directions, it is only a partial estimation of the force exerted by the tumor on the surrounding parenchyma where as LVd may be a better proxy of mass effect.
Gene expression pattern as a function of LVd. To better understand the biology that underlies differential LVd, expression analyses were performed (See Methods). Genes that were conserved in both the mRNA and mRNAseq were fed into gene ontology and functional annotation data sets (See Methods). The analyses indicated that glioblastomas with higher LVd expressed gene signatures associated with cell growth, including genes required for translation, mitochondrial metabolism, cellular component biogenesis, and oxidative phosphorylation (Fig. 5a ). In contrast, gene signatures associated with invasion, including those required for cell adhesion, cell migration, motility, and angiogenesis were expressed in glioblastoma with low LVd (Fig. 5b) .
Discussion
The concept of mass effect plays a central role in defining the premise for justifying surgery of the cerebrum [23] [24] [25] . In neurologic diseases, ranging from trauma 23, 26 , stroke 21, 24 , to tumor 20 , increased mass effect is consistently associated with poor prognosis. Glioblastoma is no exception. Increased mass effect on pre-surgical MRIs of glioblastoma patients is associated with poor prognosis [17] [18] [19] [20] [21] [22] . In clinical practice, mass effect is typically characterized by terms such as midline shift or various forms of herniation syndromes 27 . These qualitative terms lack the rigor of objective quantification that ensures precision and reproducibility. For instance, the plane on MR image through which midline shift is defined and how midline shift is measured vary from observer to observer. Here, we utilized a previously validated segmentation algorithm 8, 9 to describe LVd as a novel radiographic measure that allows automated, quantitative assessment of mass effect. The basic concept is to determine the totality of shift in cerebrospinal fluid volume as a proxy for mass effect. We characterized the normal range of variability in this parameter in 550 patients without diagnosis of brain tumor and demonstrate that glioblastoma patients exhibited elevated LVd. Importantly, the magnitude of LVd in glioblastoma patients robustly associated with overall survival, after accounting for pertinent clinical variables, suggesting its potential utility as a prognostic imaging biomarker.
The consistency of mass effect as a glioblastoma prognostic factor in published reports [17] [18] [19] [20] [21] [22] contrasts to the conflicting literature of CEV and FHV in this regard [28] [29] [30] . One interpretation of this discrepancy is that while the CEV and FHV provide information pertaining to tumor burden, robust survival prognostication requires integration of these variables and the capacity of the cerebrum to compensate. Unfortunately, the compliance of the human cerebrum in vivo remains poorly characterized [31] [32] [33] . Pertaining to this matter, it is notable that tumors of comparable CEV and FHV can be associated with a wide range of LVd (Fig. 3B) .
Correlative analysis between LVd and glioblastoma genomic profile provides a window into the tumor biologic processes that contribute to mass effect. This analysis suggests that LVd (hence, mass effect) represents an integrative measure of the proliferative potential and the invasive potential of the tumor. The counterbalance between these two potentials (Fig. 5) is reminiscent of the "go or grow" hypothesis, where cell fate is predominantly committed to either migration or proliferation 34 . Our genomic analysis suggests that glioblastomas in which the prevailing cell population are committed to proliferation are more likely to be associated with increased mass effect. In contrast, glioblastomas in which most cells are committed to migration are less likely to cause mass effect. In this regard, LVd may harbor predictive value for therapeutics targeting proliferative or invasive processes.
From a translational perspective, LVd is an attractive parameter since it can be reliably and reproducibly calculated in a timely manner as to facilitate integration into a clinical work flow. That said, issues pertaining to LVd interpretation require discussion. While our study represents 214 subjects from the TCIA, which includes multiple different sites around the country, we hope to see further validation in glioblastoma cohorts to confirm its findings. Since LVd is calculated relative to the MNI template, normal anatomic variations or intrinsic asymmetry in ventricular anatomy will impact LVd calculation. As such, the LVd value in any tumor subject will need to be interpreted in the context of the distribution of LVd that we characterized in 550 non-tumor patients (Fig. 2) . Additionally, because LVd is determined from the magnitude of a 3 dimensional vector of displacement, some components (directions) of this vector may be more informative than others. Future directions of our research will aim to further elucidate the nature of mass effect and further characterize the relationship of lateral ventricular displacement with known mass effect measures. Finally, the calculation of LVd will inevitably be influenced by the quality of the MR, and standardization of MR sequences will be needed for cross comparison of LVd values between institutions and scanners. We attempted to address this limitation by employing IPVL automated segmentation to the data set that was designed to handle heterogeneous datasets, and carefully reviewed all steps of or processing through image segmentation to ensure both accuracy and quality of our results. Future directions of our research will aim to further elucidate the nature of mass effect and further characterize the relationship of lateral ventricular displacement with known mass effect measures.
Finally, the calculation of LVd will inevitably be influenced by the quality of the MR, and standardization of MR sequences will be needed for cross comparison of LVd values between institutions and scanners. We addressed this limitation by employing IPVL, a validated, automated segmentation algorithm 8, 9 designed to handle heterogeneous datasets. Moreover, the resultant segmentation of the CSF space was carefully reviewed independently by T.S., J.T., M.B., and K.P to ensure both accuracy and quality.
In sum, we provide data supporting the utility of LVd as a tool for quantitating glioblastoma related mass effect. We further explore the biologic processes within glioblastoma that associate with LVd. To the extent that mass effect bears prognostic value in other neurologic diseases 20, 21, 23, 24, 26 , clinical application of this imaging biomarker likely extends beyond glioblastoma.
